retina by morphological criteria (MacNeil and Masland, 1998), it need not be the case that connectional differences correspond one-to-one to morphological differences. In the hippocampus, greater diversity of inhibitory neurons is revealed by physiological measures than We found that the sources of functional excitatory correlations are the basis of inferences about how neural input to individual layer 3B neurons were extremely dicircuits mediate cortical function.
vide novel insight into general rules about cortical con-1996; Wiser and Callaway, 1996; Yabuta and Callaway, nectivity. 1998a, 1998b; see Callaway, 1998, for review). These
We found that the sources of functional excitatory correlations are the basis of inferences about how neural input to individual layer 3B neurons were extremely dicircuits mediate cortical function.
verse. No 2 cells from our population of 31 neurons It is apparent, however, that neural circuits have the received detectable input from the same combination of potential to be far more complex than suggested by layers. Twenty-seven of these neurons were pyramidal anatomical observations. For example, Stevens (1998) cells that could be divided into two morphologically dishas suggested, based on theoretical "tiling" arguments, tinct groups, local pyramids and projecting pyramids. that there may be hundreds of distinct cell types in each Functional connections were detected from layer 4C␤ cortical layer. This is far more than suggested by the onto most local pyramids but never onto projecting pyranatomical diversity of cortical neurons. Although examids, despite dense anatomical input from layer 4C␤ treme diversity of neuron types has been revealed in the to layer 3B (cf. Yabuta and Callaway, 1998b ). Thus, there was a systematic difference in input to these 2 cell types, but even within these groups, the precise sources of differences in the sources of excitatory input to layer The responses illustrated in Figure 1 do not directly reveal the sources of excitatory input to each cell. This 3B neurons in cytochrome-oxidase (CO) blobs versus interblobs, consistent with anatomical differences in is because during whole-cell recording, spontaneous EPSCs (sEPSCs) were commonly observed. In layer 3B blob and interblob projections, but these differences were not as pronounced as suggested by the anatomy.
neurons, sEPSCs were detected at frequencies, on average, of 2.8 Hz. Since responses generated within a 150 ms time window after photostimulation were considered Results for our analyses (see Experimental Procedures), the rate of spontaneous current production translated into a Overview mean of 0.42 sEPSCs per 150 ms analysis window. Thus, Sources of local excitatory input to 31 layer 3B neurons responses measured following photostimulation were were measured in macaque V1 brain slices (27 pyramidal a combination of spontaneous currents and stimuluscells, 3 inhibitory cells, and 1 cell of unknown morpholevoked EPSCs. Further analysis was therefore required ogy) using scanning laser photostimulation. Photostimto reveal whether stimulation within a given region (e.g., ulation combines standard whole-cell recording in living cortical layer) did in fact result in the generation of brain slices with the light-induced release of "caged" evoked EPSCs. glutamate to reveal sources of excitatory input to indiTo determine whether a given layer provided excitvidual neurons (Dalva and Katz, 1994; Katz and Dalva, atory input to a cell, EPSCs measured after photostimu-1994; Sawatari and Callaway, 1996) . Only neurons with lation in that layer were compared statistically with cell bodies very near the uncaging site generate action spontaneous currents measured in the absence of stimpotentials (APs) (see Experimental Procedures). Thus, uli for the same neuron (see Experimental Procedures). if inward excitatory postsynaptic currents (EPSCs) are These comparisons were made for each of three meaevoked by photostimulation, it can be inferred that a sures of EPSCs occurring within the 150 ms analysis neuron(s) with its cell body(ies) near the stimulation site window: number, peak amplitude, and the sum of peak made monosynaptic excitatory connections onto the amplitudes. Only those layers in which EPSCs were starecorded cell (see Experimental Procedures). Since photistically different from controls (p Յ 0.05; see Experitostimulation is noninvasive, and the location of uncagmental Procedures for details) were considered to proing can be readily moved, hundreds of sites within the vide significant input. To determine the relative input slice can be stimulated. Thus, a "map" of the locations from each layer to a given cell, histograms were generof neurons providing excitatory input to the recorded ated depicting an estimate of the mean number of cell can be generated.
evoked EPSCs per stimulation site (estimated mean To exemplify the collection and analysis of photostimevoked ϭ mean photostimulation Ϫ mean spontaneous) ulation data, Figure 1 illustrates the results obtained obtained for each layer (e.g., see Figure 6 ). from 2 layer 3B pyramidal neurons. For each cell, camera Finally, in order to examine possible differences in lucida reconstructions were made of both the labeled excitatory laminar input between populations of cells, neuron and the laminar borders. The colored squares neurons in our sample were first grouped by either their in the figure indicate the locations of stimulation sites morphological features or by the location of their cell (additional overlapping sites omitted for clarity). Laserbodies with respect to CO blobs. Statistical comparimarked "alignment sites" (data not shown) were used sons were then conducted between these populations to align the stimulation sites with the anatomical recon-(Fisher's exact test) to determine whether there were structions (see Experimental Procedures). The colors of differences in the proportion of cells receiving statistithe squares indicate either the number (Figures 1A and cally significant input from each layer. 1C) or the sum of peak amplitudes ( Figures 1B and 1D ) of EPSCs measured following stimulation at that site. The panels flanking the anatomical reconstructions deOverall Results Figure 2 illustrates the proportions of the 31 neurons in pict whole-cell voltage-clamp recordings (Ϫ65 mV holding potential) measured following stimulation at the sites our sample that received statistically significant input (number, peak amplitude, or sum of peak amplitudes of indicated by the arrows. For example, the top right panel in Figure 1B shows EPSCs recorded following photoEPSCs) from each of the cortical layers. These data, pooled from the entire population, show that each of stimulation in layer 4B. Two EPSCs were detected at this stimulation site, with the sum of their amplitudes the cortical layers provided statistically significant input to some layer 3B neurons. This result is expected from equaling ‫04ف‬ pA. Figure 1 also . Arrows point to the stimulation sites corresponding to each recording. For the projecting pyramid, EPSCs significantly greater than expected from sEPSCs, both in number and sum of peak amplitudes, were detected following photostimulation in layers 3B, 4A, and 4C␣. In addition, EPSC amplitudes (but not sum or number) were significantly greater than for sEPSCs following stimulation in layer 4B (see Table 1 Callaway and Wiser, 1996; see also below). In our sample, 7 of 27 pyramidal neurons were identified as proHowever, even among neurons that fell into a single group based on these criteria, sources of input were jecting pyramids. Cells were considered projecting if their main descending axon extended into the white diverse.
A difference was also detected in input from layer 4B to local versus projecting pyramids ( Figure 4A ). Although there was not a significant difference in the proportion of cells receiving significant layer 4B input when all EPSC parameters (number, individual amplitudes, amplitude sums) were considered, there was a bias toward projecting pyramids. But, significant increases in individual EPSC peak amplitudes following layer 4B stimulation relative to control trials were much more common for projecting pyramids than for local pyramids. A significant increase in EPSC peak amplitudes was detected for 5 of 7 (71%) projecting pyramids compared with only 1 of 12 (8%) local pyramids (Fisher's exact test, p ϭ 0.009). Figure 3A ), while the ple lacked tufts, these cells were more likely to be local 2 local pyramids ( Figure 3B ) did not. All 7 of the propyramids than projecting pyramids. We therefore pooled jecting pyramids in our sample had tufted apical denthe local and ambiguous pyramids and compared them drites. Of the 13 pyramidal neurons that were confirmed as a group with projecting pyramids ( Figure 4B ). Under to have their axons terminating before reaching the these conditions, the differences in input from layers white matter, only 2 had apical dendritic tufts. Projec-4C␤ and 4B persisted (see Figure 4B legend). tions to the white matter were not observed for any of 18 nontufted neurons (11 nonprojecting, 7 ambiguous).
The difference in the proportions of tufted cells that Blobs versus Interblobs
Anatomical studies indicate that layer 3B CO blobs and projected or did not project to the white matter was statistically significant (Fisher's exact test, p ϭ 0.00046).
interblobs receive specific axonal projections from underlying cortical layers (Lachica et al., 1992; Yoshioka We found that these anatomical features, particularly axonal projections, were correlated with sources of exet al., 1994; Callaway and Wiser, 1996; Yabuta and Callaway, 1998b). However, previous studies have also citatory input identified by photostimulation. The most striking difference was that significant input from the demonstrated that dendrites from both blob and interblob cells do not respect CO borders (Hubener and parvocellular dorsal lateral geniculate nucleus (dLGN) recipient layer, 4C␤, was restricted to only the local Bolz, 1992; Malach, 1992). It is therefore possible that the specific afferent projections from underlying cortical pyramids in our sample. As illustrated in Figure 4A , none of the 7 projecting pyramids received statistically signifilayers provide excitatory input onto dendrites of neurons with cell bodies outside the afferent projection zone. cant input from this layer. In contrast, 8 of the 13 local pyramids (62%) received statistically significant input To determine the specificity of laminar excitatory connections to individual neurons located in CO blobs and from layer 4C␤. The difference between the two groups was significant (Fisher's exact test, p ϭ 0.010).
interblobs, cells were categorized as blob, border, or NT,NP Bor n,s n,s,a n,s,a n,s,a n,s,a n,s,a n,s n,s,a b38c4
NT ) and cell number from that animal (e.g., c5). The second column identifies the morphological features of the cell's axonal and dendritic arbors. Abbreviations: T, tufted pyramid; NT, nontufted pyramid; I, inhibitory cell; P, projecting pyramid; NP, nonprojecting pyramid; Amb, ambiguous projection status; and U, unidentified. The third column indicates the location of the neuron's cell body relative to CO blobs. Abbreviations: B, blob; IB, interblob; Bor, border; and ?, undetermined. Columns 4-13 indicate whether layers 3B through 6B, respectively, provided significant excitatory input to each neuron: n ϭ number of EPSCs per stimulation site were significantly greater than number of sEPSCs; s ϭ sums of EPSC amplitudes per stimulation site were significantly larger than those of sEPSCs; a ϭ individual peak amplitudes of EPSCs following photostimulation were significantly larger than those of sEPSCs; None ϭ no sites were stimulated in the layer; and NA ϭ fewer than ten sites were stimulated in the layer.
interblob neurons according to their cell body location. based solely on the number of EPSCs per stimulation site; cells with significant differences in EPSC ampliStatistical comparisons were then made to determine if there were differences in proportions of blob versus tudes or sums of amplitudes (layer 4B stimulation trials versus control trials) but not number were discounted. interblob neurons receiving significant input from each layer.
Under these conditions, layer 4B provided significant excitatory input to 3 of 9 blob cells and 3 of 7 border Our data revealed preferential connections from layers 4B, 4C␣, 4Cm, and 5 to cells in blobs or interblobs. cells but 0 of 11 interblob cells (Table 1) . If blob and border cells were pooled together, 33% (6 of 16) reBut, these preferences depended on which attributes of EPSCs were used to detect significance of input to ceived significant layer 4B input; compared with interblob neurons (0 of 11) the difference was statistically the individual neurons. When all three EPSC measures were taken into account (number, individual peak amplisignificant (Fisher's exact test, p ϭ 0.027; see Figure 5B ). It is noteworthy, however, that when peak amplitudes tudes, and sums of amplitudes), no layers exhibited a significant preference for blob or interblob cells. Preferand the sums of peak amplitudes were also included in the analysis, significant input from layer 4B was also ences were revealed only when subsets of the three parameters were considered. The parameters that detected for interblob neurons. When all three measures were included, 6 of 9 blob cells, 3 of 7 border cells, and showed statistically significant input were different for different layers.
6 of 11 interblob cells received significant layer 4B input ( Figure 5A ). If the combination of blob and border cells For layer 4B, a preference for connections to blob and border cells versus interblob cells was detected. But, the was then compared with interblob neurons, the difference was no longer significant. proportion of blob and border cells receiving significant input was only greater than that found for interblob cells Based on EPSC amplitudes, layer 4C␣ also made excitatory connections preferentially to blob cells. For if the statistical significance of input to each neuron was layer 4C␣, differences in the proportions of cells that ( Figure 5A ). Our sample of cells with adequate stimulation in 4Cm was small (12 cells) because layer 4Cm is received statistically significant input were most apparent when only peak EPSC amplitudes were considered. narrow, and only cells with at least ten stimulation sites within a layer were considered for determination of input In this case, cells were discounted if they received significant input from layer 4C␣ based on EPSC number or from that layer (see Experimental Procedures). Nevertheless, 3 of 6 interblob neurons received statistically sums of peak amplitudes. Under these conditions, layer 4C␣ provided significant excitatory input to 6 of 11 blob significant input from 4Cm, while 0 of 2 blob cells or 4 border cells received similar input. Although the differcells (55%), 2 of 8 border cells (25%), and 1 of 11 interblob cells (9%; see Table 1 Table 1 as follows: (A) ϭ a40c3, (B) ϭ b38c2, (C) ϭ b38c12, (D) ϭ b35c2, (E) ϭ a40c17, (F) ϭ b34c6, (G) ϭ b38c4, and (H) ϭ b37c14.
that cell. (A) through (H) correspond to cells represented in
or inhibitory) received statistically significant input from Table 1 ) received input from all cortical layers that were adequately sampled. the same combination of layers. Thus, the patterns of input to each cell, along with morphological distinctions, reveal that every cell in the sample is a different type. Discussion This observation suggests that there are at least 30 cell types in layer 3B (the single neuron of unidentified type, We have used scanning laser photostimulation to study the sources of local excitatory connections to individual b37c3, is eliminated from this analysis). But, the complete lack of redundancy in our sample implies that there layer 3B neurons in the primary visual cortex of macaque monkeys. We found both greater specificity and greater are probably far more types (see Discussion).
The diversity of input is further illustrated in Figure Another important implication of our findings is that layers (2 9 Ϫ 1 ϭ 511). The data should, however, be interpreted with some overlap of axonal arbors with dendritic arbors does not imply that functional connections must exist between caution. If we fail to detect statistically significant input above spontaneous activity levels for a particular layer, the 2 cell types. Thus, individual cells within a single layer or with overlapping dendritic arbors can play disit cannot be concluded with certainty that there was no input from that layer. The number of stimulation sites tinct roles in cortical function. Furthermore, similarities in the anatomical organization of circuits between cortimight have been too small to detect weak input, or input may have been cut during brain slice preparation. For cal areas or between analogous areas from different species do not imply that the organization of functional example, since the generation of action potentials by photostimulation is restricted to neurons near the edge connections must also be similar. Until a more general understanding of any possible rules of cortical connecof the slice (see Experimental Procedures), the axons of stimulated cells in deep layers could leave the slice tivity becomes available, the precise connectivity of neurons in one cortical area cannot be inferred from obserbefore reaching layer 3B. This effect is minimized, however, because axons projecting to superficial layers rise vations in another.
vertically from deep layer cell bodies (Callaway and Wiser, 1996; Wiser and Callaway, 1996; Yabuta and CalDiversity of Input to Individual Neurons laway, 1998b). Thus, it is possible that in some cases, Despite overall trends in the laminar sources of excit-2 cells receiving input from the same combination of atory input according to cell type or location relative to layers were counted as different because of undetected blobs, individual layer 3B neurons that were categorized input. Nevertheless, even in the face of these consideraas members of the same population invariably received tions, there appear to be a large number of connectionfunctional input from different layers. This diversity sugally distinct cell types in layer 3B. The 156 types estigests that embedded within the laminar and columnar mated quantitatively is the minimum number suggested cortical organization defined by CO staining, there exists by the data. Thus, it is reasonable to infer that there are a finer level of organization not detectable by the probably at least 100 cell types and therefore not more anatomy.
than 10-fold functional redundancy. Even if there were The diversity of functional input to individual neurons only 50 cell types, there would still be just 20-fold redunhas important implications for understanding how popudancy. Together, these observations and inferences arlations of cortical neurons represent information about gue that unique information is carried by just a handful the environment and the extent to which neuronal redunof neurons, on the order of ten, not hundreds or thoudancy is utilized to compensate for variability in neuronal sands, as might be inferred from the limited anatomical responses or neuron death (Stevens, 1998). Stevens diversity of cortical neurons. (1998) calculates that there are a sufficient number of neurons in typical primate cortex (not V1) such that each type could tile the cortex even if there were 5000 types Implications for Visual Processing The organization of visual cortical circuits has both par-(this is the number of unique cell types predicted if there is no functional redundancy). We have used the cell allel and hierarchical features. This organization applies to both connections between cortical areas (see Felledensities described for each layer in monkey V1 (Beaulieu et al., 1992) to make a similar calculation for layer man and Van Essen, 1991) and local connections within V1 (see Callaway, 1998). Our studies of local input to 3B. We estimate that tiling could be achieved in layer 3B even if there were as many as 1000 different neuron layer 3B neurons have implications for both of these aspects of V1 local circuits. types in this layer.
To estimate the functional redundancy in layer 3B, V1 lies at the bottom of a hierarchy of cortical areas, as it receives the great majority of direct input relayed we next need to estimate the number of connectionally distinct cell types. Mann-Whitney U test was used to determine the significance of each Since this study focused on the interlaminar connectivity of indiof these measures of EPSCs following photostimulation relative to vidual layer 3B neurons, vertical columns normal to the layers were sEPSCs. To estimate the relative input from each layer to a given cell, stimulated in a pseudorandom pattern. The light flash location was histograms were generated depicting the estimated mean number of moved by mounting the optics on a computer controlled X-Y translaevoked EPSCs per stimulation site (estimated mean evoked ϭ mean tion stage (Dalva and Katz, 1994; Katz and Dalva, 1994; Sawatari photostimulation Ϫ mean spontaneous) obtained for each layer and Callaway, 1996). Within each slice, 100-500 sites were stimu-(e.g., Figure 6 ). lated. The stimulation sequences assured that sites separated by Ͻ200 m were always stimulated more than 10 s apart. This assured Analysis of Groups of Neurons that stimulation at a given site was not influenced by the desensitizaTo determine if there were systematic differences in the patterns of tion of glutamate receptors following uncaging at a previous site. excitatory laminar input to different cell types or cells in different For 20 ms preceding and 380 ms following photostimulation at blob/interblob regions, each neuron was categorized in terms of each site, the output from the whole-cell recording amplifier was (1) cell type, i.e., pyramidal or inhibitory; (2) whether the axons of digitized at 10 kHz and stored to allow later analysis of EPSCs (see pyramidal neurons projected to the white matter; (3) whether pyramibelow). Motor encoder counts indicating the X-Y coordinates of the dal neurons had apical dendritic tufts; and (4) where the neuron's stimulation site were also stored in association with the correspondcell body was located with respect to CO blobs. Cells were then ing electrical recording. Stimulation trials were regularly intercounted within each group in terms of whether they had or had not spersed with control, no-stimulation (shutter closed) trials to allow received significant input from a given layer. This procedure was later analysis of sEPSCs and to monitor possible changes in access repeated for all layers. Only layers that had at least ten stimulation resistance of electrical recordings. During the control trials, 400 ms sites were included in the tally. The significance of differences in of amplifier output was digitized with a 35 ms duration ϩ10 mV the proportion of cells that received excitatory input from a given voltage step introduced at 300 ms. The first 300 ms of the recording layer between groups was determined by conducting Fisher exact was used to assay sEPSCs, and the response to the voltage step tests. This was repeated for all layers. to monitor access resistance. Spontaneous currents were later compared with responses to photostimulation in order to determine Spatial Resolution of Photostimulation whether EPSCs were stimulus dependent or noise (see below).
Photostimulation-evoked EPSCs must result from the generation of APs in a neuron making a monosynaptic connection to the recorded cell. Thus, the spatial resolution of the photostimulation method is Histology and Anatomical Analysis After completion of photostimulation, fiducial marks were made determined by the distance from a neuron's cell body over which the UV light flash can evoke APs. Since cells far from the stimulation within the slice to allow the alignment of anatomical locations with stimulation sites. Alignment sites were made using 3 s duration site never fire APs (see below), it can be inferred that the detection of stimulus-evoked EPSCs indicates the presence of a monosynaptic flashes of UV laser light onto the cortical tissue, which resulted in the bleaching of CO staining in the exposed area. The motor encoder connection from 1 or more cells at the stimulation site onto the recorded neuron. Polysynaptic activation of EPSCs via cells farther counts corresponding to the alignment site locations were saved to
